To evade mammalian immunity, Trypanosoma brucei switches the variant surface glycoprotein (VSG) 32 expressed on its surface. Key to this reaction are controls exerted to ensure only one of many subtelomeric 33 multigene VSG expression sites are transcribed at a time. DNA repair activities have to date been implicated 34 only in catalysis of VSG switching by recombination, not transcriptional control. However, how VSG 35 switching is signalled to guide the appropriate reaction, or to integrate switching into parasite growth, is 36 unknown. Here we show that loss of ATR, a DNA damage signalling protein kinase, is lethal and causes 37 increased nuclear genome lesions. ATR depletion also causes expression of mixed VSGs on the cell surface, 38 increased transcription of genes from silent expression sites, and altered localisation of RNA Polymerase I 39 and VEX1, factors involved in VSG transcription. The work therefore reveals that VSG expression control is 40 mediated by a nuclear DNA damage signalling factor. 41 42 43
RNA and protein, coupled with increased transcription from potentially all silent BES and expression of 115 mixed VSG coats. These BES transcription changes after ATR RNAi not only closely resemble the effects 116 seen after VEX1 RNAi, but ATR loss leads to altered localisation of VEX1 and RNA Pol I. Thus, we reveal a 117 mechanistic link between DNA damage signalling and monoallelic control of VSG expression during T. brucei 118 immune evasion. 119 120 Results 121 ATR is essential for T. brucei proliferation and for survival following DNA damage 122 A putative homologue of the ATR kinase has previously been identified in T. brucei (Parsons et al., 2005) 123 and preliminary RNAi analysis revealed impaired proliferation of bloodstream form (BSF) T. brucei cells 124 (Jones et al., 2014) . However, several proteins involved in mediation of ATR activity have yet to be 125 identified in T. brucei, including ATRIP and the downstream target CHK1 (checkpoint kinase 1) (Goto et al., 126 2015) . A homologue of TopBP1 has been predicted (Genois et al., 2014) but not validated. 
Loss of ATR leads to nuclear DNA damage 148
To ask if the above phenotypes reflect nuclear roles for TbATR, we tested whether or not loss of the PIKK 149 causes discernible genome damage. Phosphorylation of histone H2A on Thr130 has been described in T. TbATR RNAi cells anti-γH2A antiserum recognised some protein in western blots (Fig.1E ), and IF signal could 154 be seen in the nucleus of some cells ( Fig.1 -Figure supplement 2A ). Nonetheless, western blotting showed 155 that levels of γH2A increased 24 hrs after TbATR RNAi (Fig.1E, Fig.1 -Figure supplement 2B ), while IF 156 showed that both the number of cells with γH2A nuclear signal and the signal intensity increased after RNAi 157 ( Fig.1 -Figure supplement 2A ). Thus, loss of the PIKK results in increased nuclear genome damage. To 158 probe the nuclear damage further, we examined localisation of RAD51, an HR enzyme that forms 159 nucleoprotein filaments on single stranded DNA, including at DSBs, and relocalises to discrete nuclear foci 160 in T. brucei after phleomycin treatment or induction of a DSB by ISceI (Devlin et al., 2016b; Dobson et al., 161 2011; Glover and Horn, 2014; Trenaman et al., 2013) . IF with anti-RAD51 antiserum showed that, in keeping 162 with previous work, only a small (<1%) part of the uninduced cell population had detectable nuclear foci 163 ( Fig.1F, Fig.1 -Figure supplement 2C ). However, 36 and 48 hrs after TbATR RNAi a significant increase in 164 the number of cells with RAD51 foci was seen ( Fig.1F , ~6% of the population), indicating at least some of 165 the nuclear damage resulting from loss of TbATR is recognised by RAD51. 166
Altered VSG expression site transcription emerges rapidly after ATR RNAi 167
To ask if TbATR loss results in altered gene expression total RNA was prepared, in triplicate, after 24 hrs of 168 RNAi induction and subjected to RNAseq, comparing changes in gene-specific read abundance relative to 169 uninduced cells ( Fig.3) . To map sequence reads not only to the core genome but also to specific VSG BES 170 (which share sequence homology amongst the ESAGs) MapQ filtering was applied . 171 231 transcripts (including TbATR) were significantly differentially expressed in the RNAi induced cells 172 relative to uninduced ( Fig.2A , Table S1 ). 80% of these genes showed increased RNA levels, with VSG and 173 ESAG genes from the silent BES being the most abundant category (~35% of the total; Fig.2B ) and showing 174 the greatest increases (Table S1 ; 1.5-23 fold). Also prominently represented (~19%; 1.3-4.8 fold increase) 175 were other putative RNA Pol I-transcribed genes, including VSG or VSG-related genes from outwith the BES, 176 and procyclin or procyclin-associated genes (PAGs) that are normally expressed in tsetse-infective T. brucei 177 cells. Notably, only three RNA Pol I-transcribed genes displayed reduced expression ( Fig.2B ): two ESAGs 178 from the active BES (BES1 ; Table S1 ; -1.3 fold) and one PAG (Table S1 ; -1.3 fold). Taken together, these data 179 indicate that the earliest and most pronounced effect of TbATR loss is altered expression of RNA Pol I genes, 180 which appears to mainly result from increased transcription from the silent BES. GO term enrichment 181 analysis confirmed this interpretation: the most pronounced enrichment (in terms of number of genes 182 affected and level of enrichment) was in the up-regulated cohort (Table S2 ) and in functions associated 183 with the VSG and BES (Fig.2C ), including evasion of the host immune response and antigenic variation 184 (biological function), and cell surface or membrane (cellular location). 185
Of the 128 genes that displayed significantly differentially expressed transcripts and were not associated 186 with RNA Pol I transcription ( Fig.2B , Table S1 ), less bias towards increased levels and smaller changes were 187 seen (86 increased 1.3-5 fold; 42 decreased 1.3-2.5 fold). Amongst those with functional annotations, GO 188 term enrichment analysis (Table S2 ) did not reveal any activities represented by more than 5 genes (indeed 189 most were only represented by a single gene). Thus, at this early stage after RNAi, RNAseq does not reveal 190 potential pathways of core gene expression changes that might reveal functions regulated by TbATR to 191 enact its putative signalling functions. 192
ATR RNAi leads to loss of monoallelic VSG expression 193
Given that RNAseq suggests TbATR RNAi has the most pronounced impact on expression of the BES, we 194 tested this prediction in more detail. Only a single VSG is normally expressed in a BSF cell and, in the strain 195 used here, monoallelic expression results in the predominant expression of VSG221 (VSG2) from BES1 196 (Telo40; one of 14 characterised BES that contain distinct telomere-proximal VSGs) (Hertz-Fowler et al., 197 2008) . RNAseq analysis suggested TbATR loss results in altered expression of most silent VSGs, since 198 significantly increased RNA levels were detected for nine normally silent VSGs (1.7-7.9 fold; Table S1) 24 hrs 199 after RNAi induction. To check the RNAseq, we performed RT-qPCR of four silent BES VSGs and confirmed 200 increased levels of each in TbATR RNAi induced cells relative to controls (Fig.3A) , with reasonable 201 correspondence in fold-changes (2.2-3.1). RT-qPCR of the same VSGs 36 hrs after RNAi induction indicated 202 even greater increases in abundance (12-30 fold; Fig.3A ). Given this finding, and the RNAseq description of 203 significantly reduced levels of two ESAG transcripts (1 and 3) from BES1 (telo40), allied to significant 204 increases in ESAG transcripts from several silent BES at 24 hrs (Table S1) , we performed RNAseq (again in 205 triplicate, using the two RNAi clones) after 36 hrs RNAi and mapped the data from both 24 and 36 hrs using 206
MapQ filtering to all BES (Fig.3B, Fig.3 -supplementary figures 1 and 2). The mapping revealed two main 207 things. 208
First, read mapping indicated that levels of VSG221 (VSG2) transcript from the active BES decreased after 209 ATR RNAi (Fig.3B ). Though this change was only detected as significant by RNAseq analysis after 36 hrs of 210
RNAi (Table S3 ), reduction of VSG221-specific reads was seen consistently in each independently generated 211 sample after 24 hrs of RNAi ( Fig.3B ) and became more pronounced from 24 to 36 hrs ( Fig.3B, Fig.3 -212 supplementary figure 1), consistent with accumulation of cells lacking a VSG221 coat (see below). Second, 213 the levels of increased gene-specific reads were not uniform across the silent BES but, instead, were most 214 pronounced proximal to the promoter and telomere. Increased ESAG expression ( Fig.3B, Fig.3 -215 supplementary figures 1 and 2) after TbATR RNAi was mainly accounted for by increased transcript 216 abundance of the two promoter-proximal genes encoding the T. brucei transferrin receptor, ESAG6 and 217 ESAG7 (Steverding et al., 1994 ). In addition, increased levels of transcripts were also detected after RNAi 218 from folate transporter genes ( Fig.3 -supplementary figures 1 and 2), encoded by ESAG10, which have 219 been described downstream of a duplicated BES promoter at some telomeres (Gottesdiener, 1994; 220 Hutchinson et al., 2016) . In the silent BES the extent of increased ESAG6 and ESAG7 mapped reads after 221 TbATR RNAi appeared broadly comparable with the extent of increased reads that mapped to the silent 222
VSGs, suggesting similar changes at the promoter and telomere. This pattern differed from the active BES 223 Table S3 ): here, the extent of reduction in reads mapping to either 224 VSG221 or the ESAGs appeared greatest as the genes became more proximal to the telomere, whereas 225 ESAG6 and ESAG7-specific reads appeared to increase, as seen in the silent BES. Thus, TbATR loss resulted 226 in different transcription effects at the two ends of the active BES, distinguishing it from the silent BES. 227
ATR RNAi leads to changes in VSG coat composition 228
To ask whether changes in VSG RNA after TbATR loss extend to VSG protein expression on the cell surface, 229 we next performed co-IF on unpermeabilised cells before and after TbATR RNAi with antiserum recognising 230 either VSG221 (active BES1, Telo40) or VSG121 (silent BES3, Telo4), scoring for expression of the two VSGs 231 on individual cells ( Fig.4A early S phase cells had a single discrete subnuclear anti-myc focus that was close to but distinct from the 257 nucleolus, whereas two anti-myc foci were more commonly detected in S and G2 phase cells. Most post-258 mitotic cells had two anti-myc foci: one in each nucleus. These distributions compare well with VEX1-12myc 259 analysis described by Glover et al, 2016 , and the small numbers of cells with three or more anti-myc foci, 260 which were not described previously , may be explained by 'leaky' RNAi in the absence 261 of tetracycline induction. TbATR RNAi substantially changed the distribution of anti-myc signal ( Fig.5A,B ). nucleolus, an arrangement that was barely detected in uninduced cells. Finally, in the aberrant cells 266 generated by TbATR RNAi, which do not conform to expected nuclear and kinetoplast DNA cell cycle 267 configurations, virtually none had a single anti-myc focus; instead, most had three or more foci, and overlap 268 of anti-myc signal with the nucleolus was mostly readily detected here. Taken together, these data reveal 269 that loss of ATR in BSF T. brucei perturbs the localisation of VEX1, causing the protein to be found in more 270 than one location, and losing its clear spatial separation from the nucleolus. 271
Loss of ATR alters localisation of RNA Polymerase I. 272
Since VSG transcription is catalysed by RNA Pol I sequestered to the actively transcribed BES, we next asked 273 if the altered VEX1 localisation after TbATR RNAi was reflected in changed RNA Pol I localisation. To do so, 274 immunofluorescence with anti-RNA Pol I antiserum In this work we provide functional analysis of the damage signalling protein kinase ATR in the eukaryotic 288 parasite T. brucei. Our data reveal that loss of TbATR is severely detrimental to mammal-infective parasites, 289 with RNAi resulting in increased nuclear damage and genotoxin sensitivity. In addition, we show that TbATR 290 loss impairs the control mechanism(s) adopted by T. brucei the ensure monoallelic expression of its critical 291 VSG coat, including the subcellular localisation of the BES control factor VEX1 and RNA Pol I. Together these 292 data indicate conserved roles for T. brucei ATR in recognising and reacting to lesions or perturbations that 293 affect nuclear genome function, as well as parasite-specific functions in maintaining gene expression 294 needed for immune evasion and transmission. 295 telomere-proximal gene-specific reads, but little evidence for changed levels of ESAGs centrally located in 370 the BES (an effect distinct from VEX1 overexpression). In only two ways do the available data for TbATR and 371 VEX1 diverge. First, increased abundance of non-BES RNA Pol I transcripts, including procyclin and PAG, are 372 seen in our data but were only observed after VEX1 overexpression, not knockdown . 373
This difference may reflect wider roles for TbATR in genome maintenance, or the application of different 374 thresholds of significance when comparing RNAi induced and uninduced RNAseq data. Second, whereas 375 loss of TbATR results in reduced RNA from the telomere-proximal VSG221, as well as from at least some 376 ESAGs in the active BES, no such loss of transcripts was described after VEX1 RNAi. It seems plausible that 377 this difference may be explained by lack of damage repair after TbATR RNAi, a function that may not be 378 provided by VEX1, as discussed below. Nonetheless, the perturbations in VEX1 subnuclear localisation we 379 describe after TbATR RNAi reinforce a connection between the PIKK damage repair kinase and this novel 380 factor in BES expression control. Whether this connection is direct or indirect is currently unclear. 381
Two scenarios might be considered to explain the loss of monallelic VSG expression after TbATR RNAi and 382 the overlap in phenotypes seen after VEX1 RNAi (Fig.6) . One explanation is that TbATR plays an active role 383 in exerting monoallelic transcriptional control on the BES (Fig.6A ). One route for such a function could be 384 through TbATR interaction with telomeres, which resemble DSBs and are therefore protected by the 385 shelterin complex to avoid eliciting a damage response (Feuerhahn et al., 2015) . 2017), it is at odds with evidence for the ESB being a discrete subnuclear structure (Navarro and Gull, 2001) . 408 Thus, given the alterations we see in VEX1 localisation after TbATR RNAi, it will be valuable to determine if 409
TbATR and VEX1 act together to influence the deposition or activity of related factors at the BES (active and 410 silent). However, currently no activity has been ascribed to VEX1 and whether TbATR displays any 411 localisation to the BES is complicated by its widespread distribution throughout the nucleus (data not 412 shown), reflecting wider roles in genome maintenance. Nonetheless, it is possible that VEX1 is 413 phosphorylated by TbATR, either directly or via a signalling network, altering its activity. In this regard, 414
RNAseq suggests significantly reduced levels of VEX1 RNA 36 hrs after TbATR RNAi (data not shown), 415 though this may be a secondary result of widespread impediment to gene expression due to unrepaired 416 damage. 417
A radically different explanation for the effects we describe after RNAi is that loss of TbATR affects integrity 418 of the active BES (Fig.6B) was analysed using the ΔΔCt method (Schmittgen and Livak, 2008) . Oligonucleotide sequences are 481 available on request. 482
Immunoblotting and Immunofluorescence. Immunoblotting to assess levels of γH2A, or to detect 483 myc-tagged proteins or RAD51, was performed and analysed as described in (Stortz et al., 2017) . 484
Immunofluorescence of surface VSGs was performed as described in with the 485 following modifications: anti-VSG121 and anti-VSG221 were both used at a concentration of 1:8000; 486 goat anti-rabbit AlexaFluor 488 or goat anti-rat AlexaFluor 594 (Invitrogen) secondary antisera were 487 used. Immunofluorescence of VEX1-12myc and RNA Pol I was performed as described in (Glover et al., 488 2016) . using SAMtools, which has been shown to remove >99% of short read alignment to the wrong ES 510 . Read mapping was visualised using Matplotlib and a custom python script. 511
Analysis of VSG expression. Flow cytometry was performed as described in to identify 512 VSG121 or VSG221 positive cells: signal from excitation with the BB515 laser (BB515, log) was plotted 513 against the signal from the excitation with the PE-CF594 laser (PE-CF594, log), using as controls 2T1 cells 514 that predominantly express VSG221 and clone 1.6 cells (Glover et al., 2007) that predominantly express 515
VSG121. 516
Imaging and image processing. Images captured on an Axioskop2 (Zeiss) fluorescent microscope used a 63x 517 lens and images were acquired with ZEN software. For images captured on an Olympus IX71 DeltaVision 518
Core System (Applied Precision, GE), a 1.40/100 x lens was used and images were acquired using SoftWoRx 519 suit 2.0 (Applied Precision, GE). Z-stacks were acquired and images de-convolved (conservative ratio; 520 1024x1024 resolution). Super-resolution structural illuminated images were captured on an Elyra PS.1 521 super resolution microscope (Zeiss), and using . images were acquired using ZEN software as Z-stacks. 522
ImageJ (Fiji; [3] ) was used to remove the background of images and for counting cells. False colours were 523 assigned to fluorescent channels. 3D images were generated using IMARIS software (V8. Wang, X., Ran, T., Zhang, X., Xin, J., Zhang, Z., Wu, T., Wang, W., and Cai, G. (2017). Table S2 . 861 ESAGs are in purple, the VSG is in red, and a gene encoding resistance to hygromycin is in yellow. For 942 Telo40, read mapping to the VSG is shown on a different scale to the rest of the expression site. 943 Table S1 . RNAseq analysis of gene expression changes after 24 hours of TbATR RNAi. 997 Table S2 . Go term enrichment analysis of gene cohorts found to be significantly up-regulated or down-998 regulated after 24 hours of TbATR RNAi. 999 Table S3 . RNAseq analysis of bloodstream VSG expression site-localised transcripts found to be significantly 1000 up-regulated or down-regulated after 36 hours of TbATR RNAi. 1001
